Background: Youth with bipolar disorder (BD) show behavioral and neural deficits in cognitive flexibility; however, whether such deficits exist among youths at risk for BD has not been explored. Methods: The current fMRI study examined the neural basis of cognitive flexibility in BD youth (n ¼ 28), unaffected youth at risk for BD (AR; n ¼ 13), and healthy volunteer youth (HV; n ¼ 21) by comparing brain activation patterns while participants performed the change task. On change trials, subjects must inhibit a prepotent response and execute an alternate one. Results: During successful change trials, both BD and AR youth had increased right ventrolateral prefrontal and inferior parietal activity, compared to HV youth. During failed change trials, both BD and AR youth exhibited increased caudate activation relative to HV youth, but BD youth showed increased activation in the subgenual anterior cingulate cortex (ACC) relative to the other two groups. Conclusions: Abnormal activity in ventrolateral prefrontal cortex, inferior parietal cortex, and striatum during a cognitive flexibility task may represent a potential BD endophenotype, but subgenual ACC dysfunction may represent a marker of BD illness itself.
Introduction
In this study, to examine a potential neurobiological endophenotype of bipolar disorder (BD), we compared neural activity in youth with BD, unaffected youth at familial risk for BD, and healthy volunteers while they completed a cognitive flexibility task. Cognitive flexibility, the ability to adapt one's behavior to changes in the environment, is essential to higher cognitive functions such as decision-making, problem-solving, reward processing and emotion regulation (Davidson et al., 2006; Dempster, 1992; Stemme et al., 2005) . Cognitive flexibility deficits have been found in both children and adults with BD across mood states (Arts et al., 2008; Dickstein et al., 2007) , as well as in other psychiatric disorders including schizophrenia (Daban et al., 2006) and attention-deficit hyperactivity disorder (ADHD) (Walshaw et al., 2010) . Such deficits may limit patients' ability to consider and execute alternative response options (Goldberg and Chengappa, 2009) , thus leading to severe impairment in decision making and social functioning (Leibenluft and Rich, 2008; Pavuluri et al., 2005) .
Cognitive flexibility is measured using various paradigms that involve switching stimuli, responses, rules and/or tasks. Across such paradigms, regions activated during cognitive flexibility include ventrolateral prefrontal cortex (VLPFC), dorsolateral prefrontal cortex (DLPFC), parietal association cortex, and striatum. The striatum primarily mediates motor control during such tasks (Vink et al., 2005) , while VLPFC (BA44/45/47) and DLPFC (9/46) play a role in response inhibition and switching (Aron et al., 2004; Bunge, 2004; Rubia, 2010) . Together, the prefrontal and parietal cortex mediate top-down attention control (Barber and Carter, 2005; Sohn et al., 2000) .
In this study, we used the change task to study the circuitry mediating cognitive flexibility. The change task is adapted from the stop-signal paradigm developed by Logan et al. (1997) . It is a response switching task that requires individuals to inhibit a prepotent response and switch rapidly to an alternative response when the change cue is presented (Kenner et al., 2010) . Therefore, the change task engages three major components of cognitive flexibility: attention control, response inhibition, and response switching. A previous study using the change task in healthy adults demonstrated that cognitive flexibility during the task is associated with recruitment of VLPFC, DLPFC, and parietal cortex, as well as striatum (Kenner et al., 2010) .
Data indicate that both youth and adults with BD show behavioral deficits on cognitive flexibility tasks, including the change McClure et al., 2005) , Wisconsin Card Sort (Fleck et al., 2008; Martinez-Aran et al., 2004) , reversal learning (Gorrindo et al., 2005) , set-shifting (McKirdy et al., 2009) , and response inhibition tasks (McClure et al., 2005; Pavuluri et al., 2006) . Functional MRI studies suggest that such deficits are mediated by dysfunction in a variety of regions that participate in flexible responding including DLPFC, VLPFC, parietal association cortex, and striatum (Blumberg et al., 2003; Chang et al., 2004; Dickstein et al., 2010; Passarotti et al., 2010; Singh et al., 2010; Strakowski et al., 2005) . For example, a study using the change task found hyperactivity, which may reflect inefficiency, in DLPFC among BD youth compared to healthy controls during successful response substitution . In addition, abnormalities in VLPFC, parietal, striatal activity have been found among BD youth during successful response inhibition (Leibenluft et al., 2007; Passarotti et al., 2010) .
In addition to these findings in probands, unaffected adult relatives of adults with BD exhibit deficits in cognitive flexibility (Balanza-Martinez et al., 2008; Bora et al., 2009) , although findings are somewhat inconsistent (Schulze et al., 2011) . The only existing study of cognitive function in unaffected youth at familial risk for BD found behavioral impairment on attention control (Brotman et al., 2009 ) and a working memory/interference control task (Doyle et al., 2009) . Recent fMRI studies reveal altered prefrontal and parietal activation among relatives of BD adult patients during working memory (Drapier et al., 2008; Thermenos et al., 2009) . Effective deployment of working memory is an important component of cognitive flexibility (Bunge and Wright, 2007) . Specifically, working memory deficits may lead to failed inhibition of goal-irrelevant responses and inability to select appropriate alternative responses. However, to our knowledge, no published fMRI study has yet examined neural activity during a cognitive flexibility task in unaffected first-degree relatives (either children or adults) of patients with BD.
Thus, the current study aims to identify neurobiological deficits during a cognitive flexibility task in unaffected, medication-naïve, psychopathology-free youth at risk for BD. Such deficits would be a candidate endophenotype for BD (Gottesman and Gould, 2003) . Compared to studying adults at risk for BD, examining youths at risk for the illness has two advantages. First, the adult relatives of subjects with BD have passed the age of risk for the illness, so findings in that population may reflect resilience as much as risk. Second, data in unaffected youth at familial risk for BD may contribute to efforts to prevent such youth from developing BD or other mood disorders.
In the current study, we compared brain activation during the change task among unaffected at-risk youth with a first-degree relative with BD, BD youth, and healthy volunteer youth. We focused on group differences in brain activations on three contrasts e (1) successful response substitution (successful change) vs. successful execution of the prepotent response (successful go); (2) unsuccessful response substitution (unsuccessful change) vs. successful go; (3) successful change vs. unsuccessful change contrast. Based on previous studies in BD probands and adult relatives of BD patients (Drapier et al., 2008; Leibenluft et al., 2007; Nelson et al., 2007; Passarotti et al., 2010; Singh et al., 2010; Thermenos et al., 2009) , we hypothesized that BD youth and unaffected at-risk youth would show altered activation relative to controls in VLPFC, DLPFC, parietal, and striatal regions, regions known to mediate cognitive flexibility during the change task.
Methods

Participants
Participants were patients with pediatric bipolar disorder (BD), at-risk (AR) youth, and healthy volunteer (HV) youth. Participants aged 8e17 were enrolled in an Institutional Review Boardapproved protocol at the National Institute of Mental Health. Parents and youth provided written informed consent and assent, respectively. BD patients were recruited through advertisements placed on support groups' websites and distributed to psychiatrists nationwide. AR youth were recruited by advertisement or through a relative participating in another NIMH study. HV youth were recruited by advertisement in the community. None of the participants were biologically related.
All participants were assessed with a standardized semistructured interview, the Schedule for Affective Disorders and Schizophrenia for School-Age Children-Present and Lifetime version (K-SADS-PL) (Kaufman et al., 1997) . K-SADS-PL was administered separately to children and parents by clinicians with established inter-rater reliability (k ! .9). To evaluate mood state in BD patients, the same clinicians administered the Children's Depression Rating Scale (CDRS) (Poznanski et al., 1984 ) and the Young Mania Rating Scale (YMRS) (Young et al., 1978) within 48 h of scanning. Pediatric BD patients all met the criteria for "narrow phenotype" BD (Leibenluft et al., 2003) , with at least one fullduration hypomanic (!4 days) or manic (!7 days) episode characterized by abnormally elevated or expansive mood and at least three other DSM-IV-TR criterion B mania symptoms.
AR youth had either a full biological sibling with "narrow phenotype" BD or a parent with DSM-IV-TR bipolar I or II disorder. K-SADS-PL was used to confirm a bipolar I or II disorder for siblings. Parental BD diagnosis was determined using the Structured Clinical Interview for DSM-IV-TR Axis I Disorders-Patient Edition (First et al., 2002) or the Diagnostic Interview for Genetic Studies (Nurnberger et al., 1994) . All the AR participants were medicationnaïve and free of psychopathology. Healthy volunteer (HV) youth had no lifetime psychiatric diagnoses, as determined by K-SADS-PL interview with parent and youth, and no first-degree relatives with mood disorders, as determined by interview with the parent. HV youth were also medication free.
All the participants had IQ >70, and no history of neurological disorder, pervasive developmental disorder, chronic medical illness, or current substance abuse and dependence. The Wechsler Abbreviated Scale of Intelligence (Weschler, 1999) was administered to determine IQ. After scanning, some of the total 110 youth who participated in the current study were excluded from all the analysis due to excessive movement during scanning (>3 mm, >3 rotation in any direction; BD ¼ 14, AR ¼ 4, HV ¼ 10), scanner malfunction (BD ¼ 3, AR ¼ 2, HV ¼ 5), or behavioral accuracy rate on go trials below 50% 
Thus, the final numbers of the participants included in the analysis were 28 BD, 13 AR, and 21 HV youth. There was no difference in the number of excluded participants between three groups (p ¼ .47). Data from 20 of 28 BD youth and all of the HVs (Thomas et al., 2011) have been published previously. Data from all AR subjects (n ¼ 13) and 8 BD youth have never been published previously.
Behavioral paradigm
The change task Logan et al., 1997; McClure et al., 2005; Nelson et al., 2007) consisted of two trial types: go and change. On all trials, a fixation cross was presented for 500 ms followed by a target stimulus ("X" or "O") for 1000 ms. Go trials were the predominant trial type and established the prepotent response. On go trials, participants were instructed to press 1 if an "X" appeared and 2 if an "O" appeared. Like go trials, change trials began with the appearance of the target stimulus, but this was followed by a change signal (i.e., the stimulus background changed to blue; for change signal timing, see below). This change signal cued participants to press 3 instead of 1 or 2. Consequently, change trials required participants to replace a prepotent stimulusresponse pattern with an alternative response to a less frequently occurring stimulus, and thus to display cognitive flexibility (Fig. 1 ).
To control for task difficulty across participants, the interval between presentation of the target stimulus and the change signal varied from trial to trial. Correct responses on change trials resulted in a 50 ms delay in the onset of the change signal. This increased task difficulty by increasing the time elapsed between the "go" and "change" signals and thus requiring the participant to alter the prepotent "go" response further into its execution. Conversely, incorrect responses on change trials resulted in a decrease of 50 ms in the interval between the "go" and "change" signals, decreasing the time elapsed between the initiation of the "go" response and the onset of the "change" response and thus making the task easier. Importantly, to avoid strategic delays in response execution, participants were required to maintain a reaction time of >1000 ms across all runs. Across all subjects, accuracy on change trials was maintained at approximately 50%, suggesting that the algorithm worked correctly.
The in-scanner task consisted of 4 runs of 44 go trials, 20 change trials and 22 fixation trials (trial order was randomized within each run). All participants completed practice trials before entering the scanner.
Scanning acquisition and fMRI data preprocessing
Scanning took place in a General Electric 3 T magnet scanner (Milwaukee, WI). The experimental images were displayed via Avotec Silent Vision goggles (Stuart, FL) mounted on the head coil above participants' eyes. Functional imaging data were preprocessed and analyzed using SPM8 (Statistical Parametric Mapping 8; Wellcome Trust Center for Neuroimaging, University College, London, UK; http://www.fil.ion. ucl.ac.uk/spm) and Matlab 7 (The MathWorks, Natick, MA). Four images at the beginning of each fMRI run were discarded to account for magnetic equilibrium. After slice time correction, images within each run were realigned to the fifth image of the run to correct for movement. After motion correction, the MPRAGE high resolution T1 anatomical images were co-registered to realigned functional images. The high resolution T1 anatomical images were spatially normalized to the SPM8 MNI template using the default setting. The normalized functional images were resampled 2 Â 2 Â 2 mm. Images were then spatially smoothed using a Gaussian filter with a full-width half-maximum value of 8 mm.
Behavioral data analysis
Separate means were calculated for the following variables: accuracy on go and change trials, the average interval between the target and change signal (mean inhibit delay), and reaction time on correct go trials. Trials with a reaction time faster than 100 ms were excluded from the analysis because these responses were executed prior to stimulus delivery. In addition, we calculated the change signal reaction time (CSRT) which represents the speed at which one can execute the flexible response, incorporating both speed and accuracy (Williams et al., 1999) . When the change accuracy is 50%, CSRT equals the participant's mean reaction time on change trials minus the mean inhibit delay. The mean inhibit delay is the duration between the initial target "go" signal and the change signal, which was adjusted for each subject on a trial by trial basis (see Methods). Often, individual accuracy rates deviated slightly from 50%, in which case an interpolation algorithm was used to calculate CSRT. Specifically, CSRT is the "go" reaction time at the Xth percentile of go trials (where X is the participant's accuracy on change trials), minus the participant's mean inhibit delay. Thus, the CSRT represents an individually adjusted measure of the speed of response flexibility. Separate univariate analysis of variance (ANOVA) analyses were used to assess between-group differences for each behavioral variable.
fMRI data analysis
At the individual subject level, event-related response amplitudes were estimated using the general linear model for each event type. A high pass filter (.0078 Hz) was used. Event types included successful change, unsuccessful change, and successful go trials. Unsuccessful go trials were rare and were excluded from the analysis. Thus, hereafter, "go trials" refers only to successful go trials. For individual subjects, pair-wise comparison of eventrelated response amplitudes created contrast images of the blood oxygen level-dependent (BOLD) signal change associated with the three main contrasts, successful change minus go, unsuccessful change minus go, and successful change minus unsuccessful change.
For the group-level analysis, contrast images for individual subjects were entered into a random-effects analysis to produce group activation maps. For each of the three main contrasts, a univariate ANOVA with group (BD, AR, or HV) as a betweensubject factor was performed. The whole-brain analysis was conducted first using a conservative statistical threshold, p < .05, false Behavioral paradigm of the Change task. First, a fixation cross is presented for 500 ms. Next, participants are instructed to press '1' if an X appears and '2' if and O appears. These constitute prepotent go trials. If a blue background appears, participants are to press a '3' instead of a '1' or '2'. These constitute change trials. The onset of the change signal varies from trial to trial. If subjects respond correctly on a change trial, the inhibit delay (the interval between the onsets of the go and change signals) on the next change trial increases by 50 ms, making it more difficult for the subject to change successfully. If subjects respond incorrectly on a change trial, the inhibit delay on the next change trial decreases by 50 ms, making the task easier. A blank screen is displayed during the inter-stimulus interval. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) discovery rate (FDR) corrected for multiple comparisons. However, researchers have suggested that, when complex cognitive processes are examined, the corrected statistical threshold may be too conservative. Specifically, Lieberman and Cunningham (2009) argued that the less conservative statistical threshold of p < .005, uncorrected with an extent threshold of 10 consecutive voxels achieves a desirable balance between Types I and II error rates. Thus, we repeated the whole-brain analysis with a less conservative threshold. We employed a threshold of p < .001 uncorrected, with a cluster threshold of 10 voxels, which was more strict than that suggested by Lieberman and Cunningham (2009) and was consistent with Nelson et al. (2007) , in which we reported data from the same paradigm in a partly overlapping sample of pediatric BD patients.
Areas of activation were identified using the Talairach Daemon atlas after translating coordinates from MNI to Talairach space (Talairach and Tournoux, 1988 ) using mni2tal (http://imaging.mrccbu.cam.ac.uk/download/ MNI2tal). Findings of group differences in the ANOVA were decomposed within SPSS. Estimates of signal change for each contrast averaged across the entire suprathreshold region were extracted from areas of activations for each participant using MarsBaR (Marseille boîte à région d'intérêt) (Brett et al., 2002) . Post-hoc Bonferroni-corrected analyses were performed using SPSS (SPSS, Inc., Chicago, Ill) to identify which pair of groups showed significant differences at a statistical threshold of p < .05.
Furthermore, in addition to the primary contrasts of change and go trials, we performed an additional set of post-hoc analyses to decompose the primary contrasts into those of each event type vs. baseline (fixation). Specifically, in regions identified in the primary contrasts, univariate ANOVAs were used to test for between-group differences in successful change vs. fixation, go vs. fixation, and unsuccessful change vs. fixation. Post-hoc Bonferroni-corrected analyses identified which pair of groups differed at a statistical threshold of p < .05.
We conducted exploratory analyses to rule out the potentially confounding effects of having a parent vs. a sibling with BD among AR youth; comorbid ADHD among BD patients; mood state and of medication. To conduct these post-hoc analyses, tests were performed in SPSS comparing brain activity between (1) AR youth with a BD sibling vs. HV youth; (2) AR youth with a BD parent vs. HV youth; (3) BD patients without ADHD youth vs. HV youth; (4) euthymic BD patients vs. HV youth; and (5) unmedicated BD patients vs. HV youth.
In addition, the whole-brain analysis revealed that BD youths exhibited subgenual anterior cingulate cortex (sgACC) hyperactivity compared to AR and HV youths. Given the evidence suggesting that stimulants (Peterson et al., 2009 ) and antipsychotic drugs (Pavuluri et al., 2011) impact sgACC activity, sgACC activity was compared between BD patients and HV youths after excluding those receiving stimulants or antipsychotic medications. Finally, we examined whether the differences in neural activity between BD and HV groups may be due to mood symptoms in the BD group. Using SPSS, we performed bivariate correlations in BD patients between YMRS or CDRS scores and activation in clusters where we observed differences between BD and HV.
Results
Demographic, clinical and behavioral data
Participant groups did not differ on age, race, IQ, or gender (Table 1) . Clinical characteristics of BD youth, including comorbid illnesses, mood state, and medications are reported in Table 1 . Means and standard deviations of behavioral performance are also reported in Table 1 . No between-group differences were found for any behavioral measure, including percent accuracy on go trials, F(2,59) ¼ .79, or on change trials, F(2,59) ¼ .55, mean inhibit delay, F(2,59) ¼ 2.24, mean reaction time on go, F(2,59) ¼ .48, or change trials, F(2,59) ¼ 1.33, or mean CSRT, F(2,59) ¼ 1.00 (p > .10 for all).
fMRI data
In the whole-brain analysis on three primary contrasts, no region showed significant between-group differences at a threshold of p < .05, FDR corrected. Thus, we used a statistical threshold of p < .001 uncorrected with a cluster threshold of 10 voxels (see Methods) to identify between-group differences in brain activation on the contrasts of successful change vs. go, unsuccessful change vs. go, and successful change vs. unsuccessful change (Table 2) .
Successful change vs. go
Between-group differences were found in five regions: two in right VLPFC (BA47 and BA44), one in right inferior parietal lobe (IPL; BA40), and two left cerebellar regions. Post-hoc analyses revealed that the AR group showed greater brain activation than BD and HV groups in all five regions including right IPL ( Fig. 2A) and right y p < .10, *p < .05, **p < .01, ***p < .001. All clusters were determined at the significance threshold p < .001, voxel ! 10. BD ¼ bipolar disorder, AR ¼ at risk, HV ¼ healthy volunteer, PFC ¼ prefrontal cortex, IFG ¼ Inferior frontal gyrus. x, y and z coordinates refer to the voxel with maximum signal intensity. The post-hoc analyses of successful change, go or unsuccessful change vs. fixation were conducted in regions identified by the primary contrasts (successful change vs. go, unsuccessful change vs. go and successful change vs. unsuccessful change).
Fig. 2.
Brain areas showing between-group differences on the successful change vs successful go contrast among bipolar disorder (BD), at risk (AR), and healthy volunteer (HV) groups. Color bars represent F values of the contrast. All clusters were determined at the significance threshold of p < .001 (uncorrected), voxel ! 10. Percent signal change estimates for each contrast were averaged across the entire cluster for each participant. Post-hoc Bonferroni-corrected analyses were performed to decompose between-group differences at a statistical threshold of p < .05. A. right inferior parietal lobe (BA40; 36, À42, 46) ; B. right ventrolateral prefrontal cortex (BA44; 52, 12, 18 ). **p < .001, *p < .05. VLPFC (BA44; Fig. 2B ). Compared to HV, BD showed greater activation in the IPL ( Fig. 2A) and one cerebellar region.
On the successful change vs. fixation contrast, the groups differed in activation in all five regions, consistent with the pattern on the successful change vs. go contrast. On the go vs. fixation contrast, groups differed only in two cerebellar regions. Thus, group differences in the successful change vs. go contrast were driven primarily by group differences during successful change trials.
Unsuccessful change vs. go
Between-group differences were found in three regions: right sgACC (BA25), right caudate, and left cerebellum. The BD group showed elevated activation compared to the AR and HV groups in right sgACC (Fig. 3A) . Both BD and AR groups had increased activity relative to HV in right caudate (Fig. 3B) and in left cerebellum.
Between-group differences were found in all three regions on the unsuccessful change vs. fixation contrast and were largely consistent with differences found in the main contrast.
On the go vs. fixation contrast, HV group had greater activity than BD or AR in the right caudate. Thus, group differences in the unsuccessful change vs. go contrast were driven primarily by group differences during unsuccessful change trials.
Successful change vs. unsuccessful change
On this contrast, the groups differed in activation in right VLPFC (BA45). Post-hoc analyses revealed that both BD and AR groups showed increased activation relative to the HV group. The AR group also showed greater activation than the BD group. AR youth showed hyperactivation relative to the other two groups on the successful change vs. fixation contrast, but not on the unsuccessful change vs. fixation contrast.
Effects of familial at risk status, comorbid ADHD, mood states, and medication
We tested whether the differences we observed between AR and HV youth were driven by offspring of BD parents, or siblings of youth with BD. Seven of thirteen AR youth (54%) had a BD sibling and the rest had a BD parent. When AR youth with a BD sibling (N ¼ 7) were compared to HV, differences were found in all of the regions identified in the primary analyses (ts(26) > 2.54, ps < .05) except for right caudate, where the difference was a trend, p < .10. Similarly, when AR youth with a BD parent (N ¼ 6), but no affected sibling, were compared to HV, all of the regions identified in the primary analyses remained significant (ts(25) > 2.18, ps < .05).
In four of the six regions identified in the primary analyses, BD patients without comorbid ADHD (N ¼ 18) differed from the HV group (ts(29) > 3.00, ps < .05). In the remaining two regions (left cerebellum on the successful change vs. go contrast and right VLPFC (BA45) on the successful change vs. unsuccessful change contrast), the differences between BD patients without comorbid ADHD and HV youth was a trend, ps < .10.
When only euthymic BD patients (N ¼ 19) were compared to HV youth, differences remained significant in all of the regions identified in the primary analyses (ts(38) > 2.97, ps < .05), with the exception that, in three instances, previously significant findings became trends (ps < .10). These regions were in right IPL and left cerebellum on the successful change vs. go contrast, and right VLPFC (BA45) on the successful change vs. unsuccessful change contrast.
Activation was greater among unmedicated BD (N ¼ 10) vs. HV youth in the regions where BD youth differed from HV youths in the Fig. 3 . Brain areas showing between-group differences on the unsuccessful change vs successful go contrast among bipolar disorder (BD), at risk (AR), and healthy volunteer (HV) groups. Color bars represent F values of the contrast. All clusters were determined at the significance threshold of p < .001 (uncorrected), voxel ! 10. Percent signal change estimates for each contrast were averaged across the entire cluster for each participant. Post-hoc Bonferroni-corrected analyses were performed to decompose between-group differences at a statistical threshold of p < .05. A. right subgenual cingulate cortex (2, 0, À8); B. right caudate (14, 24, 10). **p < .001, *p < .05. primary analysis, ts(29) > 2.56, ps < .05, except in three regions where were trends, ps < .10. Those regions were right IPL and left cerebellum on successful change vs. go, and right VLPFC (BA45) on successful change vs. unsuccessful change.
Potential effects of stimulants and antipsychotic medications on the sgACC activity were tested. Stimulant-free BD patients (N ¼ 21) showed greater activity than HV youths, t(40) ¼ 3.40, p < .005. Activation between BD patients who were free of antipsychotic medications (N ¼ 15) and HV youths also differed, t(34) ¼ 2.62, p < .05.
Lastly, in BD patients, we examined correlations between mood state and activation in clusters where we observed activation differences between BD and HV. These regions were right IPL and left cerebellum on the correct change vs. go contrast, right sgACC and caudate on the incorrect change vs. go contrast, and right VLPFC on the correct vs. incorrect change contrast. There was no correlation between YMRS or CDRS scores and activation in these regions.
Discussion
The current study examined group differences in the neural correlates of cognitive flexibility among BD youth, youth at risk for BD (AR), and healthy volunteers (HV) using the change task. Despite having similar behavioral performance on the task, during successful response switching, BD youth showed greater activation in right VLPFC (BA45) than HV youth, while AR youth showed greater activation in right VLPFC (BA44/45/47) than both HV and BD youth. In addition, compared to HV, both BD and AR youth exhibited increased activity in right IPL during successful response switching and in right caudate during failed response switching. These findings were present in at-risk youth irrespective of whether risk was conferred by having a parent or sibling with BD. Since hyperactivity in VLPFC, IPL, and caudate are present in both probands and youth at risk for BD, dysfunction in these regions may be a risk marker for the illness. In contrast, during failed response switching, BD youth showed increased activity in right sgACC relative to both AR and HV youth, indicating that sgACC hyperactivity may appear only after the onset of the illness. These findings did not vary with mood state, medication status, or ADHD comorbidity.
Both probands and youth at-risk for BD exhibited hyperactivation in brain regions mediating response inhibition and flexibility. Our finding of hyperactivity in the VLPFC, IPL, and caudate among youth with BD is consistent with prior findings (Blumberg et al., 2003; Dickstein et al., 2010; Passarotti et al., 2010) . Because BD, AR and HV youth did not differ in task performance in this study, increased recruitment of the VLPFC and IPL in BD and AR youth may reflect decreased efficiency in attentional control during successful performance of the cognitive flexibility task. Similarly, increased caudate activity among BD and AR youth may reflect motor control inefficiency during failed response switching.
Our findings suggest that hyperactivity in the right VLPFC, IPL and caudate during cognitive flexibility may be a neurobiological endophenotype of BD. An illness endophenotype is an abnormality that is (1) associated with the illness, (2) state-independent, (3) found in unaffected relatives at a higher rate than in the general population, (4) heritable, and (5) co-segregates with illness within families (Gottesman and Gould, 2003) . Previous studies provide evidence that behavioral deficits in cognitive flexibility meet the first three criteria (Arts et al., 2008; Bora et al., 2009 ). In the current study, we add to that literature by reporting that aberrant activity within brain circuit (VLPFC, IPL and caudate) activation during cognitive flexibility also meets these three criteria i.e., they are associated with BD, state-independent, and present in unaffected relatives. To our knowledge, no studies have tested whether behavioral performance or neural activity during a cognitive flexibility task is heritable, so that would be a topic for future research in twin samples or extended pedigrees. In addition, to test whether VLPFC, IPL and caudate hyperactivity during a cognitive flexibility task meets the fifth criterion for an endophenotype, it is necessary to have longitudinal studies that test whether at-risk youth with such hyperactivity are at higher risk to develop BD than at-risk youth without hyperactivity.
Compared to healthy youth, both BD and AR youth showed hyperactivity in right VLPFC and IPL during successful change trials. However, it is important to note that we also observed differences between AR and BD youth in these regions i.e., AR youth showed greater VLPFC and IPL activation than BD youth. This may be due to medication exposure in BD youth, since data suggest that medication may normalize neural activation (Leibenluft et al., 2007; Nelson et al., 2007; Pavuluri et al., 2010; Phillips et al., 2008) . For example, in previous analyses, some in a sample overlapping with this study, we reported that differences between unmedicated BD patients and healthy controls were more marked than those between medicated patients and controls in striatum and ACC during response inhibition, and in DLPFC and motor cortex during cognitive flexibility (Leibenluft et al., 2007; Nelson et al., 2007) . Unfortunately, given the severity of BD in youth (Axelson et al., 2006) and ethical proscriptions against withdrawing severely ill children from medication for research purposes, it is difficult to recruit large samples of unmedicated youth with BD. Thus, it is difficult to disambiguate whether differences between AR and BD children are due to medication or are sequelae of illness in the BD sample. To do so, future research should follow unaffected youth at risk for BD longitudinally to characterize neural activation before and after the onset of BD and before and after the institution of medication treatment.
Although hyperactivity in prefrontal, parietal and striatal regions was shared between BD and AR youth, hyperactivity in right sgACC was observed only in BD youth. Specifically, on the unsuccessful change vs. go contrast, BD youth exhibited greater sgACC activation than both AR and HV youth. The sgACC projects to the amygdala and plays an important role in emotion regulation (Drevets et al., 2008) . Speculatively, increased sgACC activity in BD youth during failed change trials may be due to the interference of emotions on the performance of the cognitive flexibility task. Our finding of sgACC dysfunction in patients with BD is consistent with previous studies (Bauer et al., 2005; Drevets et al., 1997; Sharma et al., 2003) . Our findings add to the prior literature by indicating that this abnormality in sgACC activity is present among patients with BD, but not among unaffected youth at risk for BD. There is evidence suggesting that sgACC hyperactivity among BD patients may be related to medication. In one study, ventral ACC activity increased from pre-to post-treatment of risperidone (Pavuluri et al., 2011) . Evidence in ADHD children also suggest that activity in sgACC, which is part of the default mode network, may be altered by stimulants (Peterson et al., 2009) . However, in the current study, after excluding BD youths taking stimulant or antipsychotic medication, the greater sgACC activity among BD youths compared to HV youths remained significant. A longitudinal study is needed to determine whether sgACC hyperactivity is related to medication exposure, or manifests only after the onset of BD or, alternatively, whether it is present in the subset of AR youth who ultimately develop the illness and thus is an additional risk marker for BD.
The current study differed from our prior report in a partially overlapping sample , in that here we did not find differences between BD and HV youth in DLPFC activation during the successful change vs. go contrast. Differences between Nelson et al. (2007) and the current study may be due to the inclusion here of a larger sample of BD youth and a group of AR youth. Although there are other studies suggesting abnormal DLPFC activation during response inhibition among BD youth Singh et al., 2010) , increased DLPFC activation during cognitive flexibility tasks is not found consistently across studies (Barber and Carter, 2005) .
The results should be considered in light of the study's limitations. The study has a relatively small sample size, particularly in the AR group, because we included only the unaffected AR youth who were medication-naïve, and psychopathology-free. Such subjects are difficult to recruit, particularly for fMRI studies. Some of the AR youth in our sample had a BD parent whereas others had a BD sibling, although post-hoc analyses indicated that the deficits that we identified in the entire at-risk sample were also present in each of these sub-samples. There was also heterogeneity among BD patients in terms of comorbid conditions; however, when the sample of BD youth was limited to ones without comorbid ADHD (the most common comorbidity), differences in neural activity between BD and HV youth remained consistent. A limitation of these exploratory post-hoc analyses is that they were performed only in those regions where between-group differences were identified in the primary analysis. Future studies are needed to focus directly on the effect of the at-risk familial status, comorbidity or medication, using larger and/or better targeted samples. Finally, in the current study, we found no differences in behavioral indicators of cognitive flexibility between BD and HV youth, whereas previous out-of-scanner behavioral studies found that BD youth had a slower CSRT than controls (McClure et al., 2005) . Other studies have failed to replicate in the scanner between-group differences in behavior identified in the clinic, perhaps because of the impact of the different testing environments (Dickstein et al., 2010; Nelson et al., 2007) . Lastly, it should be noted that potential cognitive endophenotypes of BD are certainly not limited to cognitive flexibility. Behavioral and neural evidence suggest that other cognitive domains, including working and verbal memory and sustained attention, may also be endophenotypes of BD (Arts et al., 2008; Brotman et al., 2009; Drevets et al., 2008) . Studies examining dysfunction in the neural systems mediating a variety of cognitive domains are important in evaluating a number of potential endophenotypes in BD.
In summary, using a cognitive flexibility task, we compared neural activation among unaffected pediatric relatives of BD patients, youth with BD, and healthy subjects. Our results suggest that children at risk for BD as well as children with BD showed abnormal activity in right VLPFC, IPL and caudate during a cognitive flexibility task. We also found that sgACC dysfunction is present only in youth with BD, but not in unaffected at risk youth. Future work should include larger samples and a longitudinal design to determine whether VLPFC, IPL and caudate hyperactivity during a cognitive flexibility task predicts onset of BD in youth at risk for the illness. In addition, future work is needed to examine the association between cognitive flexibility deficits and clinical course of BD. Specifically, such deficits may impact patients' ability to adapt to new environments and exercise good judgment (e.g., regarding treatment compliance), and thus may be associated with adverse clinical outcomes.
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